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Transcriptional Modification by a CASK-Interacting
Nucleosome Assembly Protein
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mammals (Borg et al., 1998; Butz et al., 1998; Kaech etMorgan Sheng,5 Ting-Fang Wang,2
al., 1998). In C. elegans, this protein complex plays anand Yi-Ping Hsueh1,6,*
important role in vulval differentiation (Hoskins et al.,1Institute of Molecular Biology and
1996; Simske et al., 1996). In mammalian brain, Mint1/2 Institute of Biological Chemistry
LIN-10 has been implicated in vesicle trafficking be-Academia Sinica
cause of its interaction with Munc18 (Okamoto and Sud-3 Graduate Institute of Life Science
hof, 1997). Veli/LIN-7 interacts with NMDAR subunit 2bNational Defense Medical Center
(Jo et al., 1999). Hirokawa and colleagues have further4 Graduate Institute of Microbiology and
demonstrated the role of this tripartite complex in theImmunology
trafficking of the NMDA receptor (Setou et al., 2000).National Yang-Ming University
In addition to transmembrane and cytoplasmic pro-Taipei
teins, CASK interacts and enhances the transcriptionalTaiwan, ROC
activity of the T-box transcription factor Tbr-1 (Hsueh5 Picower Center for Learning and Memory and
et al., 2000). We have demonstrated that, although theHoward Hughes Medical Institute
majority (80%) of CASK proteins are cytoplasmic, aMassachusetts Institute of Technology
portion of CASK enters the nuclei of embryonic neuronsCambridge, Massachusetts 02139
(Hsueh et al., 2000). Tbr-1 is essential for development
of the cerebral cortex. Deletion of Tbr-1 in mice results
in abnormal lamination and axonal projection of the ce-Summary
rebral cortex (Hevner et al., 2001). Therefore, the Tbr-1/
CASK protein complex may regulate expression of theCASK acts as a coactivator for Tbr-1, an essential
genes involved in neuronal migration and neurite ex-transcription factor in cerebral cortex development.
tension.Presently, the molecular mechanism of the CASK co-
Although CASK can act as a transcriptional coactiva-activation effect is unclear. Here, we report that CASK
tor, the mechanism of action by which it does so is notbinds to another nuclear protein, CINAP, which binds
clear. Here, we report that CASK interacts with a novelhistones and facilitates nucleosome assembly. CINAP,
nuclear protein CASK-Interacting Nucleosome Assem-via its interaction with CASK, forms a complex with
bly Protein (CINAP). This novel protein contains a regionTbr-1, regulating expression of the genes controlled
that shares high similarity with nucleosome assemblyby Tbr-1 and CASK, such as NR2b and reelin. A knock-
protein (NAP) domains of NAP-1, SET/TAF, and TSPYdown of endogenous CINAP in hippocampal neurons
proteins. NAP-1, the first identified nucleosome assem-reduces the promoter activity of NR2b. Moreover,
bly protein, has been shown to bind histones and actNMDA stimulation results in a reduction in the level of
as a histone chaperone via its NAP domain (Bulger etCINAP protein, via a proteasomal degradation path-
al., 1995; Fujii-Nakata et al., 1992; Ishimi and Kikuchi,way, correlating with a decrease in NR2b expression
1991; McQuibban et al., 1998). During the S phase ofin neurons. This study suggests that reduction of the
the cell cycle, NAP-1 enters the nucleus and depositsCINAP protein level by synaptic stimulation contrib-
histones on newly synthesized DNA (reviewed byAdams
utes to regulation of the transcriptional activity of the
and Kamakaka, 1999; Gruss and Sogo, 1992). In tran-
Tbr-1/CASK/CINAP protein complex and thus modi- scriptional regulation, nucleosome assembly proteins
fies expression of the NR2b gene. are generally believed to disrupt the nucleosome via an
interaction with histone and thus stimulate transcription
Introduction factor binding to a specific nucleotide sequence (Walter
et al., 1995). Therefore, histone availability to nucleo-
Membrane-associated guanylate kinase (MAGUK) pro- some assembly proteins may affect gene expression.
teins are generally recognized as multidomain scaffold- In this report, we demonstrate that CINAP indeed pos-
ing proteins. Members of this protein family interact with sesses nucleosome assembly activity. It forms a com-
transmembrane proteins and nucleate formation of the plex with CASK and Tbr-1. Through its interaction with
protein complexes that link transmembrane proteins CASK, CINAP regulates genes under the control of
and cytoskeletal and/or signaling molecules (reviewed Tbr-1, such as the NMDA receptor subunit 2B (NR2b)
by Sheng and Sala, 2001). CASK, a MAGUK protein, has and reelin, perhaps via change of chromatin structure.
been shown to interact with many cellular proteins. The We also demonstrate that glutamate stimulation and a
PDZ domain of CASK binds the C-terminal tails of neu- proteolytic pathway in neurons regulate CINAP protein
rexin and syndecan (amino acid sequence -EYYV in neu- levels. These results support the hypotheses that CINAP,
CASK, and Tbr-1 form a transcriptional complex and
contribute to gene regulation in response to neuronal*Correspondence: yph@gate.sinica.edu.tw
6 These authors contributed equally to this work. synaptic activity.
Neuron
114
Figure 1. Identification and Characterization of the CINAP Gene
(A) Predicted amino acid sequence of CINAP. The full-length mouse CINAP (mCINAP) and a fragment of rat CINAP (rCINAP) obtained from
the yeast two-hybrid screen are aligned. Highlights indicate different residues between mCINAP and rCINAP.
(B) The nucleotide sequence of the 5 untranslated region of mCINAP. The Kozak sequence, GTCACC, and two in-frame stop codons are marked.
(C) Schematic structure of mouse CINAP. Proline (P)-, arginine-, and lysine (RK)-rich regions, the nucleosome assembly protein (NAP) domain,
and two PEST motifs of CINAP are marked as black boxes.
(D) Rat multiple tissue Northern blotting. The cDNA fragment of rCINAP, isolated from the yeast two-hybrid screen, was used as probe, thereby
revealing a major mRNA species at 3 kb on the nitrocellulose membrane. Molecular weight markers (kb) are indicated.
Results identified based on two criteria (Figure 1B): (1) a Kozak
consensus sequence (GTCACC) right before the transla-
CINAP Identified as a CASK-Interacting Protein tional start codon ATG; (2) two in-frame stop codons
The CASK-interacting protein CINAP was identified in a upstream of this start codon. This mouse CINAP gene
yeast two-hybrid screen using the guanylate kinase (GK) shares 94% identity in amino acid sequence with the
domain of CASK as bait. A fragment of CINAP (shown truncated rat CINAP fragment obtained from the yeast
in Figure 1A) was fished out from an adult rat brain two-hybrid screen (Figure 1A). It represents the mouse
library. The interaction with the GK domain of CASK is homolog of rat CINAP. Hereafter, this mouse full-length
specific because the fragment of rat CINAP did not bind clone was used for our studies.
either the PDZ domain of CASK or the SH3-GK domain Analysis of the predicted amino acid sequence re-
of PSD-95 (Table 1). vealed some interesting features of CINAP (Figure 1C).
To obtain full-length CINAP, we searched a mouse First of all, a conserved NAP domain is centrally located
EST database using the sequence of truncated rat in CINAP (amino acid residues 206–394). There is also
CINAP. We assembled full-length CINAP according to an arginine/lysine (RK)-rich stretch (amino acid residues
the sequences of mouse EST clones and genomic DNA 175–204) located at the N terminus of the NAP domain.
(see Experimental Procedures for details). The full- A proline (P)-rich region (amino acid residues 4–73) ex-
length mouse CINAP was predicted to encode a protein tends immediately after the translational start codon.
of 677 amino acids. The 5 translational start codon was The composition at the C terminus of CINAP is also
unusual. Four amino acids compose more than 50% of
the C-terminal region: aspartic acid, 21%; glutamic acid,Table 1. The Interaction between CASK and CINAP in the Yeast
17%; asparagines, 10%; serine, 9.5%. A more detailedTwo-Hybrid Assay
analysis using the computer program PEST-FIND (http://pGAD10
www.at.embnet.org/embnet/tools/bio/PESTfind) re-
pBHA CINAP GKAP pGAD alone vealed two PEST sequences in the C-terminal region
CASK-GK  – – of CINAP: amino acid residues 448–480 and residues
CASK-PDZ – – – 493–509. PEST regions generally serve as proteolytic
PSD-95-SG –  – signals (reviewed by Rechsteiner and Rogers, 1996).
The pBHA constructs, containing the GK and PDZ domains of CASK The two PEST regions suggested that protein levels of
and the SH3-GK (SG) domain of PSD-95, have been published CINAP might be regulated by proteasomal degradation.
(Hsueh et al., 2000; Shin et al., 2000). CINAP/pGAD10 contains amino
Northern blot analysis revealed that CINAP was widelyacid residues 201–536 of rat CINAP. GKAP/pGAD10 has been de-
expressed in different tissues of adult rat, though thescribed (Kim et al., 1997). Yeast two-hybrid interactions are semi-
level was around 3-fold higher in brain than other tissuesquantified based on induction of the galactosidase reporter gene.
Galactosidase activity was measured as the time taken for colonies (Figure 1D). It is similar to CASK, which also expresses
to turn blue in X-gal filter lift assay at room temperature: , 30 3- to 5-fold higher in brain compared to other tissues
min; , 30–60 min; , 60–150 min; –, no significant activity.
(Hata et al., 1996).
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We next used a DNA super-coiling assay (Fujii-Nakata
et al., 1992) to elucidate if CINAP indeed facilitates
nucleosome assembly of histone. Circular plasmid DNA
was first relaxed by DNA topoisomerase I and then sub-
jected to nucleosome assembly reactions. If histone
bound the relaxed plasmid DNA and formed a nucleo-
some, the linking number of the plasmid DNA would
change, and the DNA would revert to its super-coiled
state. Under physiological ionic conditions, histone
alone was unable to form a nucleosome with plasmid
DNA (Figure 2B, lanes 2 and 4). Addition of a Nus-CINAP
fusion to the nucleosome assembly reaction facilitated
formation of the nucleosome in a dosage-dependent
manner (Figure 2B, lanes 5 and 6), indicating that Nus-
CINAP fusion protein possesses nucleosome assembly
activity. Nus protein alone, used as a negative control,
was unable to change the linking number of plasmid
DNA (Figure 2B, lane 3). This result indicated that CINAP
could facilitate nucelosome assembly.
The subcellular distribution of CINAP was examined
by immunofluorescence staining. CINAP was found to
be highly concentrated in the nuclei of CINAP-trans-
fected COS cells (Figure 2C), although it was also pres-
ent in the cytoplasm of a small portion (20%) of
transfectants. We noticed that CINAP was excluded
from the nucleolus of transfected cells. Thus, CINAP
enters the nucleus, interacts with histone and facilitates
nucleosome assembly, indicating that CINAP is capable
of acting as a nucleosome assembly protein.
Protein Level of CINAP Is Regulated
by NMDA and Proteolysis
Since CINAP contains two PEST sequences at its
C-terminal region (Figure 1C), we speculated that it
might be susceptible to proteasomal degradation. To
Figure 2. CINAP Acts as a Nucleosome Assembly Protein explore this possibility, we first produced a CINAP anti-
(A) CINAP interacts with histone. Nus-CINAP and CASK L27B fusion body against aa residues 72–413 of CINAP (see Experi-
proteins were incubated with purified histones containing the core mental Procedures). The recognition site of this CINAPhistones, H2A, H2B, H3, and H4. The resulting protein complexes
antibody was further mapped by immunoblotting usingcontaining Nus fusions were purified by S-protein agarose and then
truncated mutants of CINAP, CINAP-N (aa 1–174),analyzed by SDS-PAGE and Coomassie blue stain.
(B) DNA super-coiling assay. Circular plasmid DNA was first relaxed CINAP-NAP (aa 175–413), and CINAP-C (aa 414–677)
by DNA topo I and then incubated with histone. Either 4 g Nus (Figure 4C), which were expressed in COS cells. The
alone or 1 or 4 g of Nus-CINAP fusion protein was added to the antibody recognized only CINAP-N on the immunoblot
reaction. The different species of plasmid DNA were separated in (Figure 4D), indicating that the epitope of the CINAPagarose gel, as indicated.
antibody locates in the region between amino acid resi-(C) Nuclear localization of CINAP. The subcellular distribution of
dues 72–174 of CINAP. We then applied this antibody toCINAP in transfected COS cells was examined by indirect fluores-
cence immunostaining using CINAP antibody. DAPI was used to detect full-length CINAP. It recognizes a protein species
stain DNA. 120 kDa on SDS-PAGE from CINAP-transfected COS
cells (Figure 3A). We noticed that migration of CINAP
in SDS-PAGE was much slower than predicted by itsNucleosome Assembly Activity of CINAP
Since CINAP contains a NAP domain, we applied three molecular mass (77.6 kd). This antibody was shown to
be specific for CINAP, because it did not recognize anyapproaches to explore whether CINAP functions as a
NAP. First of all, to examine whether CINAP interacts protein species in the extract purified from COS cells
transfected with vector control (Figure 3A). We thenwith histone, fusion protein pull-down assays were per-
formed using Nus fusion proteins and purified histone used this antibody to examine expression of CINAP pro-
tein in neurons. Immunoblotting analysis of total cell(Figure 2A). S protein sepharose was used to affinity
purify Nus fusions. The core histones H2A, H2B, H3, and lysate, prepared from cultured hippocampal neurons
using lysis buffer but without proteasome inhibitor,H4 were pulled down by Nus-CINAP fusions (Figure 2A,
lane 4). In the control experiment, the core histones were failed to detect endogenous CINAP (data not shown).
We then included proteasome inhibitor MG132 in thenot significantly pulled down by an irrelevant Nus fusion
(Nus-L27B) (Figure 2A, lane 5) or in the absence of Nus lysis buffer to prevent proteasomal protein degradation
and were able to detect full-length endogenous CINAPfusion proteins (Figure 2A, lane 6). The result indicated
that the core histones specifically interact with CINAP. at120 kDa on SDS-PAGE (Figure 3A, arrow). Hereafter,
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Figure 3. CINAP Protein Expression Is Regu-
lated by Synaptic Activity and Proteasomal
Degradation
(A) Immunoblotting of CINAP using extracts
purified from transfected COS cells and hip-
pocampal neurons. COS cells were trans-
fected with CINAP cDNA or vector control,
as indicated. Hippocampal neurons were pre-
treated with TTX overnight and stimulated
with NMDA for 6 hr. Neurons without NMDA
stimulation were used as controls. In addition
to protease inhibitors, proteasome inhibitor
MG132 was also included in lysis buffer to
prevent protein degradation after lysis. The
arrow indicates the position (120 kd) of full-
length CINAP from SDS-PAGE. The immuno-
reactive protein species smaller than 120 kDa
might be CINAP degradation products, be-
cause they were also reduced when hippo-
campal neurons were stimulated with NMDA.
Tubulin was used as an internal control.
(B) Translation inhibitor cycloheximide re-
duced CINAP protein level. Cultured hippo-
campal neurons were treated with actinomy-
cin D and cylcoheximide, as indicated. CINAP
protein levels were analyzed by immunoblot-
ting. Tubulin was used as an internal control.
(C–F) Glutamate and NMDA modulate CINAP
protein expression levels in hippocampal
neurons. Hippocampal neurons were pre-
treated with TTX overnight and stimulated
with glutamate or NMDA. CINAP protein lev-
els were examined by immunoblotting. In (C),
neurons were harvested at different time
points after stimulation with glutamate, as in-
dicated. In (D)–(F), CNQX, AP5, MG132, -lac-
tone, or lactacystin were added to some of
the cultures before NMDA or glutamate stim-
ulation, as indicated by “pre-treat”. (D) Pre-
treatment of cultured neurons with AP5 and
proteasome inhibitors MG132 and -lactone
block the effect of glutamate on CINAP protein levels. The relative level of CINAP protein expression was calibrated using tubulin. The results
of two representative experiments are shown. The relative protein level of CINAP is the average of these two experiments. (E) NMDA treatment
reduces CINAP protein level. Hippocampal cultures were treated with NMDA and AP5 in duplicate, as indicated. (F) Pretreatment of cultured
neurons with proteasome inhibitors MG132 and lactacystin block the effect of NMDA on CINAP protein levels. A representative experiment
is shown. The relative protein level of CINAP is the average of two different experiments.
(G) NMDA treatment did not change the CINAP mRNA level. Total RNAs were purified from cultured hippocampal neurons that were treated
as described and analyzed by Northern blot using CINAP and actin cDNAs as probes. Actin, 18S, and 28S rRNA were used as internal controls.
MG132 was regularly added to the lysis buffer for detec- an AMPAR antagonist, prior to the addition of glutamate
did not alter the effect of glutamate (Figure 3D). In con-tion of CINAP protein by immunoblotting. To further ex-
amine whether CINAP proteins are unstable, cultured trast, pretreatment of neurons with AP5, an NMDAR
antagonist, reversed the effect (Figure 3D), indicatinghippocampal neurons were treated with actinomycin D
or cycloheximide to block transcription and translation, that glutamate reduced CINAP protein levels via NMDAR
receptors. We therefore used NMDA to stimulate cul-respectively. After blocking translation for 2 hr, CINAP
proteins were reduced by 50% compared with untreated tured hippocampal neurons. Immunoblotting analysis
showed that NMDA stimulation also reduced the CINAPcontrol (Figure 3B). In contrast, blocking of transcription
did not affect CINAP protein levels (Figure 3B). The re- protein level, relative to the control, by 60% (Figures
3A, 3E, and 3F) in hippocampal neurons. The effect ofsults indicated that CINAP protein is unstable and sensi-
tive to proteasomal degradation. NMDA acted directly on the CINAP protein level, be-
cause CINAP RNA levels were not significantly changedSince synaptic stimulation is known to regulate pro-
teasomal activity in neurons (Ehlers, 2003), we examined according to the analysis of Northern blot and semi-
quantitative RT-PCR (Figures 3G and 10C). Pretreatmentwhether CINAP protein levels could be regulated by
synaptic activity. Cultured hippocampal neurons were of AP5 fully abolished the reduction of CINAP protein
levels by NMDA treatment (Figures 3E and 3F), confirm-stimulated with glutamate and harvested at different
time points prior to analyzing CINAP protein levels. One ing that the effect of NMDA on CINAP protein levels was
mediated by NMDAR. Moreover, two kinds of protea-hour after glutamate stimulation, CINAP protein levels
were decreased to less than 40% of that of an unstimu- some inhibitors MG132 and -lactone (or the precursor
lactacystin) also blocked glutamate and NMDA reduc-lated control (Figure 3C). Treating neurons with CNQX,
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Figure 4. Interaction of CINAP, CASK, and
Tbr-1 in COS Cells
(A) Coimmunoprecipitation of CASK and
CINAP. COS cell extracts, previously trans-
fected with both CASK and CINAP or only
CINAP, were used in immunoprecipitation ex-
periments with CASK monoclonal antibodies.
The precipitates were then analyzed by im-
munoblotting, using both CINAP and CASK
antibodies as indicated. Five percent of the
extracts for immunoprecipitation (Input) were
included in immunoblotting analyses.
(B) Colocalization of CASK and CINAP in the
nucleus. In the upper panel, COS cells were
cotransfected with CINAP and myc-tagged
CASK. Double immunostaining was per-
formed using rabbit anti-CINAP and mouse
anti-myc antibodies. The images were col-
lected using confocal microscopy. In the
lower panel, the subcellular redistribution of
CASK induced by CINAP is statistically ana-
lyzed. There are three categories of subcellu-
lar distribution of CASK in single- and double-
transfected COS cells: “Cytoplasm,” CASK is
only present in the cytoplasm; “Whole cells,”
CASK is present in both the nucleus and cyto-
plasm; “Nucleus,” CASK is only present in
the nucleus.
(C) NAP domain of CINAP interacts with
CASK. Schematic structures of full-length
and truncated CINAP proteins are shown.
Coimmunoprecipitations were performed us-
ing COS cells transfected with myc-tagged
CASK and HA-tagged CINAP-N, CINAP-NAP,
or CINAP-C, as indicated. Myc antibody was
used for immunoprecipitation of myc-CASK.
The precipitates were analyzed by immu-
noblotting, using HA and Myc antibodies se-
quentially.
(D) CINAP antibody recognizes fragment CI-
NAP-N. Different regions of CINAP were ex-
pressed in COS cells and subjected to immu-
noblot analysis using CINAP antibody.
(E) Coimmunoprecipitation of CINAP, CASK,
and Tbr-1. COS cells were transfected with
CASK, CINAP, or myc-tagged Tbr-1 as indi-
cated. Immunoprecipitation was performed
using c-myc antibody. The precipitates were
analyzed by immunoblotting using CINAP,
CASK or c-myc antibody. When exposed for
a short time, CASK was visible in lane 22 after
ECL. When exposed longer, a weak but sig-
nificant signal of CASK was revealed in
lane 24.
tion of CINAP protein levels (Figures 3D and 3F). The CINAP in the absence of CASK protein (Figure 4A, lane
3). The interacting domain for CASK on CINAP was fur-results indicate that synaptic activity via an NMDAR-
regulated proteasomal pathway controls CINAP protein ther identified by coimmunoprecipitation using HA-
tagged CINAP fragments CINAP-N, CINAP-NAP, andlevels in neurons.
CINAP-C (Figure 4C). Myc-tagged CASK was cotrans-
fected with these CINAP fragments and immunoprecipi-The Interaction of CINAP, CASK, and Tbr-1
in Heterologous Cells tated by Myc antibody. The precipitates were analyzed
by immunoblot using HA antibody. Only CINAP-NAPTo confirm the interaction between CASK and CINAP,
originally identified by the yeast two-hybrid screen, we coprecipitated with Myc-tagged CASK (Figure 4C, lane
14), indicating that the NAP domain of CINAP is theperformed coimmunoprecipitation of CASK and CINAP
from COS cells transfected with full-length CINAP and interaction site for the CASK GK domain.
We then used indirect fluorescence immunostainingCASK. In the presence of CASK, CINAP was readily
precipitated by CASK antibody (Figure 4A, lane 4), indic- to examine where CASK and CINAP interact with each
other in heterologous cells. When CASK alone was ex-ative of an interaction between full-length CASK and
CINAP. In contrast, CASK antibody didn’t precipitate pressed in COS cells, it was mainly present in the cyto-
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plasm (data not shown and Hsueh et al., 2000). Statistical cerebral cortex (Figure 5F and Hevner et al., 2001). Both
CASK and CINAP widely distributed in different layersanalysis showed that CASK was present in the cyto-
plasm in more than 80% of CASK single-transfected of cerebral cortex (Figure 5F and data not shown). We
noticed that many neurons expressed only CINAP butCOS cells (Figure 4B, lower panel). When coexpressed
with CINAP, a fraction of CASK entered the nucleus and not Tbr-1 in their nuclei (Figure 5F and 5G, arrowheads)
and that a significant amount of CASK localized in thecolocalized with CINAP (Figure 4B, upper panel). In more
than 80% of CASK and CINAP double-transfected COS nuclei of neuron at layer 6 (Figure 5F). High-magnifica-
tion analysis revealed that CINAP, CASK, and Tbr-1 col-cells, CASK is present in both the cytoplasm and nucleus
(Figure 4B, lower panel). Taken together with the coim- ocalized with each other in the nuclei of a subset of
neurons at layer 6 (Figures 5G and 5H, arrows). Themunoprecipitation results, these results indicate that
CASK interacts with CINAP in heterologous cells and results suggest that the interaction of CINAP, CASK,
and Tbr-1 occurs in the nuclei of neurons.the interaction affected CASK subcellular localization.
We had demonstrated previously that Tbr-1 binds to
the GK domain of CASK (Hsueh et al., 2000). Since CI- CINAP Regulates Transcriptional Activity
NAP also interacts with the GK domain of CASK (Table of CASK and Tbr-1
1), we wondered if CINAP and Tbr-1 competitively bind The above studies indicated that CINAP, CASK, and
to CASK or whether CINAP and Tbr-1 form a complex Tbr-1 form a tripartite protein complex in the nucleus of
via an interaction with the GK domain of CASK. To exam- neurons with CINAP acting as a nucleosome assembly
ine the possibilities, COS cells were triple transfected protein to modify chromatin conformation. The results
with myc-tagged Tbr-1, CASK, and CINAP. Myc anti- raised an intriguing possibility that CINAP might modu-
body not only precipitated Tbr-1 but also brought down late expression of specific genes via an interaction with
CASK and CINAP (Figure 4E, lane 24). In the absence the CASK/Tbr-1 complex. Previously, we had demon-
of CASK, Tbr-1 didn’t precipitate CINAP (Figure 4E, lane strated that overexpression of Tbr-1 and CASK en-
23), indicating that CINAP and Tbr-1 form a ternary com- hances expression of a luciferase reporter under the
plex via an interaction with CASK. control of a palindromic T element (T-luc) or reelin 5
upstream region (Rln-luc) in COS cells and cultured hip-
pocampal neurons (Hsueh et al., 2000). Recently, weIn Vivo Interaction of CASK and CINAP
To confirm an interaction between CASK and CINAP in also identified that the promoter of NR2b contained a
Tbr-1 binding site (Hsueh et al., 2002). We now per-neurons, we performed coimmunoprecipitations from
rat brain using CASK antibody. CASK antibody not only formed luciferase assays in neuroblastoma Neuro-2A
cells using these three reporter constructs to exploreprecipitated CASK but also brought down CINAP from
rat brain extract (Figure 5A, lane 2), supporting an inter- whether CINAP could regulate the transcriptional activ-
ity of the CASK/Tbr-1 complex. Neuro-2A cells wereaction between CASK and CINAP in vivo. Control nonim-
mune mouse IgG did not precipitate CASK or CINAP found to express low levels of endogenous CASK and
CINAP but not Tbr-1 (Figure 7A). When cotransfected(Figure 5A, lane 1). Also, an irrelevant protein, G(q),
used as a negative control was not detected in the pre- with Tbr-1 and CASK, luciferase activity controlled by
the palindromic T element, reelin upstream region orcipitates (Figure 5A, lower panel), indicating the specific-
ity of immunoprecipitation. NR2b promoter, was increased by around 2- to 3-fold
relative to the vector control (Figures 6A and 6B). ToConfocal image analysis was performed to examine
the subcellular distribution of CINAP in neurons. Coun- confirm the effect of Tbr-1 and CASK on the NR2b pro-
moter via the Tbr-1 binding site, we constructed a mu-terstaining with DAPI revealed that the majority of CINAP
was located in the nuclei of cultured hippocampal neu- tant NR2b luciferase reporter lacking the Tbr-1 binding
site NR2bT-luc. The induction of NR2bT-luc expres-rons (Figures 5B and 5C). We noticed that high concen-
trations of CINAP were located in areas with weak DAPI sion by overexpression of Tbr-1 and CASK was greatly
reduced (Figure 6B), suggesting that Tbr-1 and CASKstaining (Figures 5B and 5C). Since DAPI is generally
believed to stain regions where heterochromatin is con- act on the Tbr-1 binding site of NR2b promoter. When
Tbr-1 and CASK were further cotransfected with CINAP,centrated (Hendrich and Bird, 1998; Miller et al., 1974;
Piwien Pilipuk et al., 2003; Stephanova et al., 1988), the the luciferase activities of NR2b-luc and Rln-luc were
greatly reduced (Figure 6A). The downregulatory effectresult suggested that CINAP is preferentially targeted
to euchromatin, where transcription is active. To confirm of CINAP on transcription was specific, because CINAP
was unable to inhibit the activity of the RSV viral pro-this point, a double stain using acetylated histone H4
and CINAP antibodies was performed. In postnatal day moter (Figure 6C). Besides, transfection of a construct
CASKGK that lacks the ability to interact with Tbr-11 rat brain, CINAP proteins were preferentially localized
at the region where histone H4 was acetylated (Figures and CINAP did not affect the transcriptional activity of
Tbr-1 and CASK in Neuro-2A cells (Figure 6D).5D and 5E). The result suggests that CINAP is targeted to
transcriptionally active regions of chromatin in neurons. We then applied an RNA interference (RNAi) approach
to confirm the downregulatory effect of CINAP on theImmunofluorescence staining was also performed to
examine colocalization of CINAP, CASK, and Tbr-1 (Fig- transcriptional activity of the CASK/Tbr-1 complex in
Neuro-2A cells. If CINAP inhibits the transcriptional ac-ure 5). In cultured hippocampal neurons, overexpressed
CASK and CINAP proteins overlapped at the DAPI-less tivity of Tbr-1, a knockdown of endogenous CINAP might
upregulate transcriptional activity of Tbr-1 and CASK.region in the nuclei (Figure 5C). In postnatal day 1 rat
brain, confocal analysis showed that Tbr-1 proteins A vector-based RNAi approach was used to reduce the
expression of CINAP. To examine the efficiency of CI-were highly concentrated in the nuclei at layer 6 of the
CINAP/CASK/Tbr-1 Complex and Transcription
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Figure 5. Neuronal Interaction of CINAP, CASK, and Tbr-1
(A) Coimmunoprecipitation of CASK and CINAP from rat brain. Rat brain was extracted using 2% Triton X-100 and subjected to immunoprecipita-
tion using CASK monoclonal antibody. Nonimmune mouse IgG was used as a negative control. The immunoprecipitates were separated on
SDS-PAGE and analyzed by immunoblottiong using CINAP, CASK, and G(q) antibodies sequentially, as indicated.
(B and C) Indirect fluorescence immunostaining of cultured hippocampal neurons. Hippocampal neurons were transfected with CINAP alone
(B) and CASK and CINAP (C). The neurons were then fluorescence stained with CINAP or CASK antibody, as indicated. Each group of images
represents the same cell visualized for CINAP (cy5), CASK (cy3), or chromosomal DNA (DAPI), as indicated. The merged images are shown
in color.
(D and E) Confocal analysis of the distribution of CINAP and acetylated histone H4 in P1 rat brain. Each group of images represents the same
field visualized for CINAP (cy3), acetylated histone H4 (FITC), and chromosomal DNA (DAPI), as indicated. (E) High-magnification images
viewed by 100 objective lens.
(F–H) Nuclear colocalization of CINAP, Tbr-1, and CASK in P1 rat brain. Each group of images represents the same field visualized for CINAP
(cy3), CASK (FITC), and Tbr-1 (cy5), as indicated. The merged images are shown in color. (F) The distribution of CINAP, CASK, and Tbr-1 at
the cerebral cortex. The images were viewed using a 20 objective lens. (G) High-magnification images viewed by 100 objective lens. (H)




Figure 6. CINAP Regulates Transcriptional Activity of the Tbr-1/CASK Protein Complex in Neuro-2A Cells
Neuro-2A cells were cotransfected with luciferase reporter constructs of NR2b-luc or NR2bT-luc and expression constructs of CASK, Tbr-1,
CINAP, CASKGK mutant, or empty SG5 vector, as indicated. The DNA amounts used for each transfection are shown in units of micrograms.
One day after transfection, the cell extracts were harvested for luciferase assay. The reporter activities are normalized to the vector control.
Error bars show standard deviation (n 	 6).
NAP RNAi on CINAP expression, a CINAP expression of CINAP on the expression of Rln-luc and NR2b-luc is
mediated by the Tbr-1/CASK protein complex, CINAPconstruct was cotransfected into Neuro-2A cells with
the CINAP RNAi construct. An empty vector and p53 RNAi should not enhance expression of Rln-luc or NR2b-
luc in the presence of Tbr-1C. Indeed, CINAP RNAiRNAi construct (Brummelkamp et al., 2002) were used as
negative control. Immunoblotting analysis using CINAP had no effect on Rln-luc or NR2b-luc expression in the
presence of Tbr-1C (Figure 7C).antibody demonstrated that CINAP RNAi efficiently re-
duced more than 80% of CINAP proteins (Figure 7B). Since neuroblastoma Neuro-2A cells endogenously
express NR2b protein, we further examined if Tbr-1,CINAP RNAi had no effect on p53 (Figure 7B), supporting
the specificity of the inhibitory effect of CINAP RNAi CASK, and CINAP regulates expression of endogenous
NR2b in Neuro-2A cells. Similar to luciferase activity,on CINAP expression. -tubulin was used here as an
internal control for protein loading. This CINAP RNAi overexpression of Tbr-1 and CASK increased endoge-
nous NR2b proteins by around 3-fold compared withconstruct was then used in luciferase assays. In Neuro-
2A cells, coexpression of the CINAP RNAi construct and the vector control (Figure 7D). When CINAP was further
knocked down, NR2b protein level was enhanced by upTbr-1 enhanced expression of both Rln-luc and NR2b-
luc compared to expression of Tbr-1 alone (Figure 7C). to 5-fold (Figure 7D).
To further explore the significance of the CINAP NAPTo confirm the specificity of CINAP RNAi, we further
introduced a Tbr-1 C-terminal deletion mutant (Tbr-1C) domain in transcriptional regulation, we constructed
CINAP mutants and examined their transcriptional activ-into the luciferase assay. We had shown previously that
CASK interacts with the C-terminal region of Tbr-1. In ities. Compared with other nucleosome assembly pro-
teins, we identified the three most conserved sequencesthe absence of the C-terminal region, Tbr-1C fails to
bind CASK (Hsueh et al., 2000). Therefore, if the effect in the NAP domain, which are -IPGFW- (the aa residue
CINAP/CASK/Tbr-1 Complex and Transcription
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255–259 of CINAP), -NPYFTN- (the aa residue 308–313
of CINAP), and -SFFNWFS- (the aa residue 356–362)
(Figure 8A). These conserved sequences may be impor-
tant for the function of the NAP domain. We then mu-
tated these residues to alanine (see Experimental Proce-
dures). According to the position of the conserved
sequences, these mutants were named 260A, 310A, and
360A. The effects of these mutants on the transcriptional
activity of the Tbr-1/CASK protein complex were exam-
ined using a luciferase assay in Neuro-2A cells. The
results demonstrate that all three mutants lost the ability
to inhibit NR2b-luc expression induced by Tbr-1 and
CASK (Figure 8B). The inability of these mutants to regu-
late Tbr-1/CASK activity is unlikely to be due to a disrup-
tion of the interaction with CASK, because the CINAP
mutants 260A, 310A, and 360A still coimmunoprecipi-
tated with CASK (Figure 8C). The results suggest that
the NAP domain of CINAP plays a critical role in the
transcriptional regulation activity of CINAP.
In conclusion, these results indicate that the Tbr-1/
CASK/CINAP protein complex regulates gene expres-
sion, such as the NR2b gene, and that CINAP acts as
a transcriptional repressor of a CASK/Tbr-1 protein
complex in Neuro-2A cells.
CINAP Is Essential for NR2b Expression
in Cultured Hippocampal Neurons
In addition to Neuro-2A cells, we examined the function
of CINAP in cultured hippocampal neurons using lucifer-
ase reporter assays. Since endogenous Tbr-1, CASK,
and CINAP exist in cultured hippocampal neurons, we
knocked down endogenous CINAP to explore the func-
tion of CINAP in neurons. Due to a low transfection
efficiency in cultured hippocampal neurons, the effect
of the CINAP RNAi construct on knocking down CINAP
expression in cultured neurons was examined by immu-
nofluorescence staining. To monitor transfected cells,
an RNAi vector that expressed GFP under the control
of a PGK promoter (see Experimental Procedures for
details) was used to express CINAP siRNA. Similar to
the observation in Neuro-2A cells, CINAP RNAi knocked
down the CINAP protein level in transfected hippocam-Figure 7. RNA Interference Construct of CINAP Knocks Down CI-
pal neurons (Figure 9A, lower panel). In the control ex-NAP Expression and Upregulates Transcriptional Activity of Tbr-1/
periment, the CINAP protein level in neurons that ex-CASK Complex in Neuro-2A Cells
press only GFP but not CINAP siRNA was comparable to(A) Endogenous CASK and CINAP in neuroblastoma Neuro-2A cells.
Neuro-2A cells were directly lysed with SDS sample buffer and that in untransfected neurons (Figure 9A, upper panel).
immunoblotted using CINAP, CASK, and Tbr-1 antibodies, as indi- Statistical analysis of CINAP immunoreactivity shows
cated. that expression of the CINAP RNAi construct reduced
(B) CINAP RNAi downregulates CINAP protein expression. CINAP 50% of the CINAP proteins in cultured hippocampal
and p53 expression constructs were cotransfected with CINAP or
neurons (Figure 9A, right panel).p53 RNAi construct or pSUPER vector control, as indicated. The
The CINAP RNAi construct was then used to explorecell extracts were then immunoblotted using CINAP, p53, and tu-
bulin antibodies. the function of CINAP in neurons. In young cultures (3
(C) The effect of CINAP RNAi on transcriptional activity of Tbr-1. days in vitro [DIV]), knocking down of CINAP reduced
Luciferase reporters were cotransfected with Tbr-1, Tbr-1C, CINAP 50% of the activities of NR2b-luc relative to the vector
RNAi constructs, or empty vectors (pSG5 or pSUPER), as indicated. control (Figure 9B). In mature culture (11 DIV), the effect
The activities are normalized to the vector control. Error bars show
of CINAP RNAi was even greater. It reduced by up tothe standard deviation (n 	 6).
70% the activity of NR2b-luc. The results indicate that(D) Tbr-1, CASK, and CINAP regulate expression of endogenous
NR2b proteins. Neuro-2A cells were cotransfected with Tbr-1, CINAP is essential for NR2b expression in cultured hip-
CASK, CINAP RNAi constructs, or vector controls, as indicated. pocampal neurons. This, however, conflicted with the
Twenty-four hours after transfection, total lysates were harvested observation in Neuro-2A cells that CINAP downregu-
and analyzed by immunoblot using NR2b and tubulin antibody. The lated the activities of NR2b-luc (Figure 6). These results
relative amounts of NR2b proteins were calibrated using tubulin as
suggested that an unknown cell type-specific signal reg-an internal control.
ulates the role of CINAP on NR2b expression. The unre-
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Figure 8. NAP Domain of CINAP Is Essential
for the Function of CINAP
(A) Amino acid sequence alignment of NAP
domains of CINAP and other nucleosome as-
sembly proteins. Residues identical to mouse
CINAP are highlighted. The three most con-
served sequences are marked as 260, 310,
and 360. A leucine-rich nuclear export se-
quence (NES) was identified in yeast NAP1.
GenBank Accession Numbers: mouse CINAP
(mCINAP), AY273809; human NAP1-L3 (hNAP1-
L3), Q99457; Drosophila melanogaster SET
protein (dSET), P53997; mouse NAP1-L2
(mNAP1-L2), P51860; Saccharomyces cere-
visiae nucleosome assembly protein (yNAP),
P25293.
(B) The effects of CINAP 260A, 310A, and
360A mutants on NR2b-luc expression in
Neuro-2A cells. NR2b-luc reporter was co-
transfected with Tbr-1, CASK, wild-type
CINAP, 260A, 310A, 360A mutant, or vector
control pSG5, as indicated. The activities are
normalized to the vector control. Error bars
show the standard deviation (n 	 4).
(C) The interaction between CASK and CINAP
mutants. COS cells were cotransfected with
CASK, wild-type CINAP, CINAP mutants, or
vector control pSG5, as indicated. The cell
extracts were harvested and immunoprecipi-
tated using CASK antibody. The precipitates
were then analyzed by immunoblotting using
CASK and CINAP antibodies, as indicated.
lated RNAi constructs p53 and GFP had no significant construct no longer inhibited the activity of the NR2b
promoter (Figure 9D), indicating that the effect of CINAPeffect on NR2b-luc activity (Figures 9B and 9D). Similar
to observations in Neuro-2A cells, CINAP RNAi did not on NR2b expression is via the Tbr-1 binding site. Chro-
matin immunoprecipitation (ChIP) using cultured hippo-affect the activity of the RSV promoter (Figure 9C). The
results support the specificity of CINAP RNAi on expres- campal neurons was also performed to examine the
interaction between the CIANP/CASK/Tbr-1 proteinsion of the NR2b gene in cultured hippocampal neurons.
We then used mutant reporter NR2bT-luc to confirm complex and endogenous NR2b promoter. Antibodies
against CINAP, CASK, and Tbr-1 were used to precipi-the effect of CINAP on the NR2b promoter via the inter-
action with CASK and Tbr-1. Upon removal of the Tbr-1 tate the chromatin-protein complex from cultured neu-
rons. The presence of the NR2b promoter region in thesebinding site from the NR2b promoter, the CINAP RNAi
CINAP/CASK/Tbr-1 Complex and Transcription
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Figure 9. Regulatory Function of CINAP in Cultured Hippocampal Neurons
(A) CINAP RNAi construct knocks down the endogenous CINAP protein level in hippocampal neurons. The CINAP RNAi/pSUPER.neoGFP
(lower panel) or the pSUPER.neoGFP vector control (upper panel) were transfected into cultured hippocamapl neurons on 4 DIV. Twenty-
four hours later, expression of CINAP proteins was examined by immunofluorescence staining. GFP expression was used to mark transfected
cells, indicated by arrows. The fluorescence images were collected and analyzed by Metamorph. The relative intensity of CINAP immunoreactiv-
ity of individual GFP-positive cells is shown in the right panel. The bars indicate the means of the relative intensity of CINAP in each population:
13.8 for the cells transfected with pSUPER.neoGFP vector (GFP); 5.1 for the cells transfected with CINAP RNAi/pSUPER.neoGFP construct
(GFPCINAP RNAi). p value (0.000001) was determined by t test.
(B–D) Luciferase reporter NR2b-luc, NR2bT-luc, or RSV-luc cotransfected with CINAP RNAi, p53 RNAi, GFP RNAi, or pSUPER vector control,
as indicated, into cultured hippocampal neurons. Twenty-four hours after transfection, cell extracts were harvested for luciferase assay. In
(B), transfection was performed on 2 or 10 DIV; in (C) and (D), transfection was performed on 10 DIV. Luciferase activties are normalized to
the vector control. Error bars show standard deviation (n 	 4).
(E) Chromatin-immunoprecipitation (ChIP) using Tbr-1, CASK, and CINAP antibody. After TTX pretreatment for 2 days, 11 DIV cultured neurons
were fixed by paraformaldehyde and subjected to ChIP. In the left panel, the average size of sheared chromatin DNA is shown to be 0.2–0.5
kb. Nonimmune control antibody or protein A sepharose alone (control) was used as a negative control for each IP. The precipitates were
then analyzed by PCR using two pairs of oligonucleotides. The oligonucleotide pair amplifies a region from 
410 to 
260 relative to the
transcription start site of the NR2b gene, referred to as the “Tbr-1 site” of the NR2b promoter. The negative control oligonucleotide pair
amplifies a region from 
2335 to 
2159 bp relative to the transcription start site of the NR2b gene, referred as the “distal region” of the NR2b
upstream region. “NMDA” indicates that the cultured neurons were stimulated with NMDA for 6 hr before harvest.
immunoprecipitates was examined by PCR using spe- promoter (Figure 9E), and also, a DNA fragment located
at2 kb upstream of the Tbr-1 binding site on the NR2bcific oligonucleotides. The results showed that all Tbr-1,
CASK, and CINAP antibodies precipitated NR2b pro- promoter could not be amplified from immunoprecipi-
tates (Figure 9E). These results support the recognitionmoter (Figure 9E). The ChIP using Tbr-1, CASK, and
CINAP antibodies were specific, because control IgG of endogenous NR2b promoter by a CINAP/CASK/Tbr-1
protein complex in neurons.or protein A sephorase alone did not precipitate NR2b
Neuron
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Figure 10. The Effect of NMDA on Expression of the NR2b Gene in Cultured Hippocampal Neurons
(A) NMDA treatment inhibits NR2b-luc activity. NR2b-luc was transfected into cultured neurons on 10 DIV. Two hours after transfection, TTX
was added into each well at a final concentration of 1 M. Around 16 hr later, neurons were stimulated with NMDA for 6 more hours. Cells
were further harvested for luciferase assay. The activities were normalized to the control without NMDA treatment. Error bars show the
standard deviation (n 	 6).
(B–D) NMDA treatment reduced both RNA and protein levels of NR2b. Hippocampal neurons were pretreated with TTX overnight and then
stimulated with NMDA. In (B), total RNAs were purified and analyzed by Northern blot using NR2b and actin cDNAs as probes. Actin, 18S,
and 28S rRNA were used as internal controls. In (C), semiquantitative RT-PCR was performed to examine the RNA levels of NR2b and CINAP.
CASK was used as an internal control. PCR products were harvested at different amplification cycles, as indicated, and analyzed by agarose
gels. In (D), cell extracts were immunoblotted using NR2b, Tbr-1, CASK, and tubulin antibodies. The relative protein levels of NR2b, Tbr-1,
and CASK were calibrated using tubulin as a standard.
In this study, we showed that NMDA treatment re- such as NR2b and reelin, via its interaction with the
CASK/Tbr-1 complex. More interestingly, a synaptic ac-duced protein levels of CINAP in hippocampal neurons
(Figure 3). If CINAP is essential for NR2b expression, tivity-dependent proteasomal pathway regulated pro-
tein levels of CINAP. Changes in the level of CINAPNR2b expression should also be reduced in NMDA-
treated neurons. To test this possibility, NMDA was protein correlated to the level of NR2b expression.
CINAP is the first identified nucleosome assembly pro-added to mature hippocampal cultures that were trans-
fected with NR2b-luc alone. NR2b-luc expression was tein that has been shown to respond to synaptic signals
and regulate expression of specific genes in neuronsdecreased to10% (of the control value) in the presence
of NMDA (Figure 10A), indicating that NMDA treatment (Figure 11).
reduces the promoter activity of NR2b. Similarly, the
results of semiquantitative RT-PCR, Northern blot, and
CINAP and Nucleosome Assembly Proteinsimmunoblot analysis demonstrated that endogenous
CINAP belongs to the NAP/SET/TSPY family. The NAPRNA and protein levels of NR2b in hippocampal neurons
domain is the common characteristic structure in thiswere also greatly decreased when the neurons were
treated with NMDA (Figures 10B–10D). These results
suggest that the regulatory effect of NMDA on NR2b
expression acts on the transcription level of the NR2b
gene. Of the protein complex CINAP/CASK/Tbr-1, CINAP
was the only protein sensitive to NMDA stimulation in
cultured hippocampal neurons, since the protein levels
of Tbr-1 and CASK were not significantly changed after
NMDA treatment (Figure 10D). Consistent with the pro-
tein level change, the ChIP study also indicated that
association between CINAP and the NR2b promoter was
reduced by NMDA treatment (Figure 9E). In contrast,
NMDA stimulation didn’t affect the association between
CASK and NR2b promoter (Figure 9E). Therefore, since
knockdown of CINAP expression reduced promoter ac-
tivity of NR2b and the decrease of CINAP protein levels
by NMDA treatment correlated to NR2b expression in
response to NMDA stimulation, the results suggest that
CINAP contributes to the reduction of NR2b expression
Figure 11. The Model of the Function of CINAP/CASK/Tbr-1 Proteinby NMDA treatment.
Complex in Neurons
CINAP, CASK, and Tbr-1 form a complex in the nucleus of neuronsDiscussion
to modulate expression of the genes in hippocampus, cerebral cor-
tex, or olfactory bulb, such as NR2b. CINAP protein levels are regu-
In this report, we demonstrate that, in addition to Tbr-1, lated by NMDA stimulation via a proteasomal degradation pathway.
CASK interacts with the nucleosome assembly protein Reduction of the CINAP protein levels downregulates NR2b expres-
sion in neurons.CINAP. CINAP regulates expression of specific genes,
CINAP/CASK/Tbr-1 Complex and Transcription
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family. This protein family has been shown to be required of other sets of genes. Since Tbr-1 is neuron specific
and CINAP and CASK are ubiquitously expressed, it isfor chromatin assembly (reviewed by Haushalter and
Kadonaga, 2003). NAP1, the first identified nucleosome very likely that CASK and CINAP recognize other tran-
scription factors in other tissues to perform similar tran-assembly protein, functions as a histone chaperon. It
binds histones and facilitates the deposition of histones scriptional coactivation.
The NAP domain of CINAP is responsible for its inter-into nucleosomes. Generally, NAPs may play two oppo-
site roles in terms of gene regulation. They are able action with multiple proteins. In addition to histones, the
NAP domain of CINAP is also involved in the interactionto facilitate nucleosome formation, thereby repressing
transcription. NAPs are also capable of removing his- with CASK (Figures 2A and 4C). It is certainly possible
that CINAP interacts with other proteins in cells. There-tones from chromatin, thereby allowing or even facilitat-
ing sequence-specific transcriptional factors to bind to fore, although CINAP is able to facilitate nucleosome
assembly in vitro, it is still likely that the effect of CINAPchromatin and thus promote gene expression (Walter
et al., 1995). Here, we report that CINAP acts as a NAP. on the transcriptional activity of the Tbr-1/CASK protein
complex is independent of the nucleosome assemblyIt binds histones and facilitates nucleosome assembly.
We also demonstrate that CINAP can switch activities activity of CINAP. CINAP may also act as an adaptor
protein for the recruitment of other proteins to the CASKin transcription. CINAP inhibits the promoter activities
of reelin and NR2b in Neuro-2A cells but plays an essen- protein complex and thus regulate transcription. Further
investigation is necessary to elucidate the moleculartial role in the expression of NR2b in cultured hippocam-
pal neurons. It suggests that an unknown cell type- role of CINAP in vivo.
specific signal switches the function of CINAP. Very little
is known about the regulatory mechanism controlling Regulation of NR2b Expression
NAPs switch activity, for example, how and when NAPs Expression of NR2b is regulated by synaptic activity.
act as activators or repressors? Perhaps an interaction Blocking action potential-dependent synaptic activity
with other transcriptional regulators affects the role of with TTX or increasing excitatory synaptic activity by
NAPs. For instance, it has been shown that p300, an blocking inhibitory GABAergic transmission with bicu-
important transcriptional coactivator, directly interacts cullin can modulate NR2b protein levels in cultured corti-
with NAPs, including NAP1, NAP2, and TAF1 (Asahara cal neurons (Ehlers, 2003). Treatment with chronic
et al., 2002; Shikama et al., 2000). The acetylation of NMDAR antagonists, such as AP5 and CPP, also upreg-
histones by p300 facilitates the transfer of histones from ulates the production of NR2b polypeptides in cultured
nucleosomes to NAP1 (Ito et al., 2000). Therefore, NAP1 cortical and hippocampal neurons (Follesa and Ticku,
upregulates gene expression through the interaction 1996; Rao and Craig, 1997). This is similar to our finding
with p300. The similar mechanism might modulate the that NMDA treatment reduces both RNA and protein
function of CINAP. It is also possible that some post- levels of NR2b in cultured hippocampal neurons. Al-
translational modification regulates CINAP activity. We though NR2b polypeptides aren’t ubiquitinated, protea-
noticed that a putative phosphorylation site for cyclin- some inhibitors, such as MG132 and lactacystin, block
dependent kinase (CDK) is located at amino acid residue the inhibitory effects of synaptic activity on NR2b protein
340 of CINAP in the sequence -STPI-. Since Neuro-2A levels (Ehlers, 2003). This indicates that NR2b polypep-
are dividing cells and cultured hippocampal neurons tides are regulated indirectly through a proteasomal
are postmitotic cells, it would be intriguing to explore pathway. Experiments in this study showing that the
whether CDK phosphorylation affects the role of CINAP promoter activity of NR2b was blocked by NMDA treat-
in transcription regulation. ment, demonstrate that NMDA treatment affects not
only protein but also mRNA expression levels of NR2b
(Figure 10). It indicates that this proteolysis-dependentTranscriptional Coactivation Effect of CASK
It was shown previously that CASK interacts with Tbr-1 effect acts on transcriptional regulation. Here, we dem-
onstrate that CINAP protein levels are regulated by pro-and enhances the transcriptional activity of Tbr-1 (Hsueh
et al., 2000). The interaction between CASK and CINAP teasomal degradation and that CINAP is essential for
the expression of NR2b mRNA. This implies that CINAPshown in this study suggests a mechanism for CASK
coactivation during transcription. The CASK/Tbr-1 pro- may control the gene expression of NR2b in response
to synaptic activity.tein complex may recruit CINAP to promoters that con-
tain a Tbr-1 binding site. Since NAPs act as histone We have shown in this study that the Tbr-1/CASK/
CINAP protein complex regulates expression of thechaperones to deposit hsitone to or remove histone
from chromosomal DNA, CINAP may remodel chromatin NR2b gene. This complex, however, cannot be the only
transcriptional complex that modulates NR2b expres-structure around Tbr-1 binding sites and affect expres-
sion of Tbr-1 target genes. In this study, we demonstrate sion, because expression of Tbr-1 proteins is largely
restricted at specific regions of brain, such as the cere-that CINAP and Tbr-1 can form a complex via the interac-
tion with the GK domain of CASK. This is consistent bral cortex, olfactory bulb, and hippocampus. Tbr-1 is
almost undetectable in the cerebellum and the subcorti-with the observation that the CASK GK domain alone is
sufficient for transcriptional coactivation of CASK cal region of the forebrain (Bulfone et al., 1995). In con-
trast, NR2b is widely distributed in different regions of(Hsueh et al., 2000). This is the first example, to our
knowledge, of an NAP being able to regulate the expres- rat brain (Akazawa et al., 1994; Monyer et al., 1994),
including the granule layer of the cerebellum. This sug-sion of specific genes. Of course, Tbr-1 target genes
may not be the only genes that are regulated by CINAP. gests that the Tbr-1/CASK/CINAP protein complex reg-
ulates NR2b expression only in a subset of neurons inCINAP may interact with other transcriptional regulatory
complexes in neurons and thus modulate the expression brain. Therefore, NR2b expression in different neurons
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of CASK), and trxA-CINAP(aa 72–413) fusions. Both trxA and Nusmay behave differently in the response to synaptic stim-
fusions contained His- and S-tags for purification. The p53 expres-ulation, depending on the presence or absence of the
sion construct is a gift from Dr. Young-Sun Lin, Institute of Biomedi-Tbr-1/CINAP/CASK protein complex.
cal Sciences, Academia Sinica.
Experimental Procedures
Antibodies
Yeast Two-Hybrid Screen Rabbit polyclonal antibodies against CINAP were produced by im-
Yeast two-hybrid analysis was performed using the L40 yeast strain, munization using insoluble trxA-CINAP (aa 72–413) fusion protein as
harboring reporter genes HIS3 and LacZ, under the control of up- antigen. The crude sera were affinity purified by a Sulfolink column
stream LexA binding sites, as described previously (Niethammer (Pierce) conjugated with soluble Nus-CINAP (aa 72–413) fusion pro-
and Sheng, 1998). The CASK guanylate kinase domain (residues tein. CASK monoclonal and polyclonal antibodies have been de-
684–909) was subcloned into pBHA (LexA fusion vector) as bait and scribed previously (Hsueh and Sheng, 1999; Hsueh et al., 1998).
then used to screen a rat brain cDNA library, constructed in pGAD10 CASK monoclonal antibody and acetyl H4 antibody are available
(GAL4 activation domain vector; Clontech). A clone containing a from Upstate Biotechnology. Myc tag mouse monoclonal antibody
fragment of rat CINAP was obtained from a screening of 2–3 mil- 9B11 and HA tag rat monoclonal antibody were purchased from
lion transformants. Cell Signaling and Roche, respectively. G(q) rabbit antibody was
purchased from Chemicon. p53 rabbit polyclonal antibody is a gift
Plasmid Construction from Dr. Young-Sun Lin, Institute of Biomedical Sciences, Acade-
The mouse EST clone BC004006 contains a CINAP cDNA fragment mia Sinica.
containing nucleotide residues 194 to the polyadenosine tail. It
contains a frameshift mutation at the equivalent nucleotide position
1229 in full-length CINAP. To assemble full-length CINAP cDNA, Fusion Protein Pull-Down Assay
the mutation in the clone BC004006 was first corrected by site- The fusion proteins Nus-CINAP (aa 72–413) and the Nus-CASK L27B
directed mutagenesis. The nucleotide residues1 to239 (a unique domain were expressed in bacterial strain JM109(DE3) and purified
BamHI site) of CINAP were PCR amplified from CINAP genomic through a Ni2 column. For pull-down assays, 8 g of fusion protein
clone (GenBank accession number AC084214) to replace the trun- and 15g of the total histone fraction (Roche) were added to protein
cated N-terminal region of BC004006. The assembled full-length S sepharose in a final volume of 100 l PBS, containing 1% Triton
CINAP was used to search the EST database again. Three more X-100. The mixtures were rotated at 4C for 3 hr and then washed
mouse EST clones (accession numbers BC054393.1, AK018700.1, with 1% Triton X-100 in PBS six times. The proteins were dissociated
and BC043694.1) were found to contain CINAP cDNA, indicating from the protein S sepharose beads by boiling for 5 min in 30 l
that the sequence of assembled mouse CINAP was correct. Full- SDS sample buffer. The sample proteins (10 l) were analyzed by
length cDNA of mouse CINAP was then PCR amplified and sub- SDS-PAGE followed by Coomassie blue staining.
cloned into the mammalian expression vectors pCMV-GW1 and
pSG5. For CINAP 260A mutant, a pair of oligonucleotides (oligo 1,
5-GCAGCAGGCGCTGCGGTCAAAGCATTCC TCAACCAC; oligo 2, DNA Super-Coiling Assay
5-ATGCTGGATGATGAGGTCTCT) were used as primers for inverse Circular plasmid DNA GW1-CMV was first relaxed by DNA topoisom-
PCR using CINAP/SG5 as template. The PCR product was then self- erase I (Amersham) and then used in DNA super-coiling assays as
ligated to create a CINAP mutant, of which the aa residues 255–259 described previously (Fujii-Nakata et al., 1992), with minor modifica-
-IPGFW- were changed to -AAGAA-. For CINAP 310A mutant, the tions. Briefly, 600 ng of relaxed plasmid DNA, 200 ng of core histone,
PCR primers were oligo 3 (5-GCAGCAGCTGCTGCAG CCATGGT and various concentrations of fusion proteins were subjected to a
GATCGTCAAGGAGTTC) and oligo 4 (5-TGTCTGGAAGTACAGCT nucleosome assembly reaction at 37C for 1 hr in a 75 l reaction
TCAT); the aa residues 308–313 -NPYFTN- of CINAP were changed buffer containing 10 mM Tris-HCl (pH 8.0), 90M ATP, 50M MgCl2,
to -AAAAAA-. For 360A mutant, the PCR pimers were oligo 5 (5- 1 mM EDTA, 57 mM KCl, and 100 g/ml BSA. The reaction was
GCAGCTGCAGCAGCTGCTG CCAATCACAGCCTCCCAGAA) and then stopped by adding 0.2% SDS and 100 g/ml proteinase K and
oligo 6 (5-TTCTCTGGTGTCATGGCTCC T); the aa residues 356– then incubated for 15 min at 55C. The plasmid DNA was purified
362 -SFFNWFS- of CINAP were changed to -AAAAAA-. by extracting twice with phenol/chloroform. One sixth of total DNA
All of the CASK and Tbr-1 mammalian expression constructs have samples were separated on 1% agarose gel and visualized by EtBr
been described previously (Hsueh et al., 1998, 2000), except for the staining after running the gel.
myc-tagged Tbr-1 that was constructed by insertion of Tbr-1 into
the EcoRI site of a modified pCMV-GW1, containing a c-Myc tag at
the N terminus of the multiple cloning sites. Luciferase reporters Hippocampal Culture, Immunoblotting,
and Luciferase AssaysT-luc and Rln-luc have been described (Hsueh et al., 2000). For
NR2b-luc, the nucleotide residues from 
747 to 26 relative to Hippocampal neurons from embryonic day 18–20 rat brains were
dissociated and cultured in Neurobasal medium, supplemented withtranscriptional initiation site of the Nr2b were PCR amplified and
subcloned into the KpnI site of the vector RSVE90-Luc. The Tbr-1 2% B27 supplement, 0.5 mM glutamine, and 12.5 M glutamate in
the density of 260,000 cells/cm2. On 8 DIV, neurons were treatedbinding site GTGTGAGA locates at 
160 relative to transcriptional
initiation site. In the NR2bT-luc construct, the Tbr-1 binding with tetrodotoxin (1M) for 12–16 hr to reduce endogenous synaptic
activity. Cells were stimulated with glutamate (100 M) or NMDAsite was removed by the PCR cloning approach. For CINAP RNAi,
a pair of oligonucleotides (CINAP939, GATCCCCCATGGTGATCGT (100 M) at 9 DIV for 6 hr. CNQX (40 M), AP5 (100 M), MG-132
(10 M), -lactone (10 M), or lactacystin (10 M) was added 20–60CAAGGAGTTCAAGAGACTCCTTGACGATCACCATGTTTTTGGAAA;
CINAP939As, AGCTTTTCCAAAAACATGGTGATCGTCAAG GAGTC min before stimulation. To study the effect of blocking transcription
and translation on CINAP expression, cells were incubated withTCTTGAACTCCTTGACGATCACCATGGGG) were annealed and in-
serted into the BglII and HindIII sites of the siRNA expression vector actinomycin D (10 M) and cycloheximide (10 M), respectively.
Cells were then washed with ice-cold PBS three times and directlypSUPER and pSUPER.neoGFP (OligoEngine and see Brummel-
kamp et al., 2002). The underlined residues correspond to the nucle- lysed in SDS sample buffer containing 20 M MG-132, 5 g/ml
leupeptin, 5 g/ml aprotinin, 2 g/ml pepstatin A, 2 mM TPCK, andotide residues 939 to 957 of mouse CINAP cDNA. The pSUPER.
neoGFP vector expresses a fusion of the neomycin resistance 5 mM EDTA. After boiling or heating at 55C for 5 min and brief
sonication, cell extracts were analyzed by immunoblotting.gene with enhanced green fluorescent protein (EGFP). The neo/
EGFP fusion protein is expressed under the control of the strong For the luciferase assay using dissociated hippocampal neuronal
cultures, cells were cultured in Neurobasal medium at a density ofimmediate early promoter of phosphoglycerate kinase (PGK). For
construction of the fusion proteins, the high-throughput soluble pro- 100,000 cells/cm2. Transfection using calcium phosphate precipita-
tion was performed on 2 DIV or 10 DIV. Cell extracts were harvestedtein screening system (Shih et al., 2002) was applied for construction
of Nus-CINAP(aa 72–413), Nus-L27B (amino acid residues 409–488 24 hr after transfection for luciferase assays.
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